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TaSnRK2.8, an SnRK2 (sucrose non-fermenting1-related protein kinase 2) member of wheat, confers
enhanced multi-stress tolerances in carbohydrate metabolism. In the study, two types of genomic
sequences of TaSnRK2.8 were detected in common wheat. Sequencing analysis showed that there was a
variation-enriched region, designated TaSnRK2.8-A-C, covering the eighth intron, the ninth exon and the
30-ﬂanking region of TaSnRK2.8-A, and no divergence occurred in TaSnRK2.8-B. Single nucleotide poly-
morphisms in the TaSnRK2.8-A-C region were investigated in 165 wheat accessions. Three of 751
sequenced nucleotide sites were polymorphic. Nucleotide diversity (p) in the region was 0.00068.
Sliding-window analysis demonstrated that the nucleotide diversity was highest in the 30-ﬂanking
sequence. As predicted, the highly frequent SNP was signiﬁcantly associated with seedling biomass
under normal conditions, plant height, ﬂag leaf width and water-soluble carbohydrate content under
drought conditions. Analysis of variance of correlated traits between accessions with the A and G ge-
notypes indicated that the A variant was the more favorable allele associated with signiﬁcantly increased
seedling biomass and water-soluble carbohydrates. Based on the SNP, we developed a functional marker
of TaSnRK2.8-A-C, that could be utilized in wheat breeding programs aimed at improving seedling
biomass and water-soluble carbohydrates, and consequently to enhance stress resistance in wheat.
 2013 The Authors. Published by Elsevier Masson SAS. Open access under CC BY license.1. Introduction
Plants constantly confront stresses and nutrient deprivation that
disrupt metabolic homeostasis for maintaining cell vitality, growth
and proliferation. As adaptable organisms, plants have developed
various mechanisms to regulate energy balance and availability at
the cellular and organism levels. At present, a prevailing view is
that energy sensors are evolutionarily conserved in eukaryotes,
which are represented by Snf1 (sucrose non-fermenting kinase 1)
in yeast, AMPK (AMP-activated protein kinase) in mammals and
SnRK1 (Snf1-related protein kinase 1) in plants [1e4].
In plants, Snf1-related protein kinases (SnRK) have evolved to
comprise not only SnRK1 but also the additional plant-speciﬁc
subfamilies SnRK2 and SnRK3 [1,3]. To date, studies on SnRK2
and SnRK3 kinases have mainly focus on their involvement in
response to abiotic stresses. Increasing evidence shows thatr Masson SAS. Open access under CC Bindividual members of SnRK2 have acquired different regulatory
properties in abiotic stress responses and developmental processes
in plants [5e9]. Although there is strong evidence which shows
that SnRK2s function in stress signaling in plants, the regulatory
mechanisms are still enigmatic.
SnRK2s are serine/threonine protein kinases, including two
typical domains, viz., an N-terminal catalytic domain and a regu-
latory C-terminal region. The relatively short C-terminal domain is
abundant in Asp/Glu, and is predicted to be a coiled-coil. According
to the C-terminal domain, SnRK2 kinases are further divided into
subgroups SnRK2a and SnRK2b [1]. The C-terminal domain might
have roles in kinase activation, participation in proteineprotein
interactions, and possibly in ABA signal transmission [10,11]. In our
recent study of genetic diversity of a wheat SnRK2 gene, TaSnRK2.7,
a heterogeneous distribution pattern of nucleotide diversity along
the genomic sequence was identiﬁed. Overall, the nucleotide di-
versity in non-coding regions was higher than that in coding re-
gions, and notably, the C-terminal domainwas a variation-enriched
region in the coding sequence [12,13].
Single-nucleotide polymorphisms (SNPs), single base changes
or indels at speciﬁc nucleotide positions, are the main source of
genetic variation in plant and animal genomes, and were recentlyY license.
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lecular markers, SNPs are highly expedient for genetic poly-
morphism research, because of the high number, stability, wide
distribution throughout the genome, and convenience for high-
throughput automated detection methods [15]. Currently, SNPs
are invaluable as a tool for a range of studies, such as genome
mapping, marker-assisted selection, selection effects in pop-
ulations, linkage disequilibrium patterns and association analyses
[16e18]. Recent improvements in sequencing procedures made it
possible to direct detect SNPs in DNA sequences at numerous loci.
Moreover, advances in high-throughput SNP genotyping technol-
ogies have stimulated their use for studying the genetics of
agronomically important traits in plants [19,20]. Despite the
importance, abundance and availability of SNPs, limited SNP an-
alyses have so far been carried out in plants, especially in impor-
tant crops.
In a recent study, we showed that TaSnRK2.8, a wheat SnRK2
gene, was involved in multi-stress responses, and functioned in the
regulation of sucrose metabolism and plant growth-like SnRK1
kinases [8]. It appeared that TaSnRK2.8 was an interface between
metabolic and stress signaling inwheat. The objectives of this study
were to (1) isolate and characterize the TaSnRK2.8 genomic
sequence from common wheat, (2) examine the molecular evolu-
tion of TaSnRK2.8 using comparative genomics, (3) search for
analyze SNPs of TaSnRK2.8 by sequencing 165 common wheat ac-
cessions, (4) validate the gene function and detect favorable alleles
by association analysis, and (5) develop a functional marker for
TaSnRK2.8 to enable molecular-assisted selection in wheat.
2. Results
2.1. Gene structure and genotyping of TaSnRK2.8
The putative full-length TaSnRK2.8 cDNA was obtained by in
silico cloning [8]. Based on TaSnRK2.8 cDNA, two genome sequences
of TaSnRK2.8, 6154 and 6227 bp in length, were obtained from
common wheat using the primer pair ﬂanking the ORF sequence.
Compared with TaSnRK2.8 cDNA using the MegAlign program, the
two types of sequences had similar coding regions and gene
structures, consisting of 9 exons and 8 introns; the discrepancies
mainly occurred in the eighth intron, the ninth exon and the
30-ﬂanking sequence (Fig. 1, Figure S1).
2.2. Determination of gene copy numbers
To study the genomic organization and copy number of
TaSnRK2.8 in hexaploid wheat and related tetraploid and diploid
species, Southern blot analyses were performed using a genomic
fragment of TaSnRK2.8 as a probe (Fig. 2). The hybridization pat-
terns revealed that TaSnRK2.8 was most likely a three-copy gene in
hexaploid and tetraploid wheat, as two or three hybridized bands
were always evident in each lane of genomic DNA digested with
EcoRV, HindIII and NcoI, respectively (Fig. 2, lanes 1 and 2). Simi-
larly, the B genome contained at least two copies of this gene for
each of the three enzymes resulting in two bands in the blot (Fig. 2,
lane 4). In the A and D genomes, only one hybridized band was
present (Fig. 2, lanes 3 and 5). These results indicated that
TaSnRK2.8 had three copies in the hexaploid wheat genome and
one or two copies in the ancestral species.
2.3. Evolutionary analysis of TaSnRK2.8
Hexaploid wheat and its relatives were used to gain insight in
the origin and evolution of TaSnRK2.8. As shown in Fig. 3,
sequencing analysis showed that two genomic sequences ofTaSnRK2.8 were present in all hexaploid and tetraploid wheats. For
the diploids, one (6154 bp in length, designated TaSnRK2.8-A) was
identiﬁed only in A genome diploids (Clade I), and the other
(6227 bp in length, designated TaSnRK2.8-B) was in S diploids
(Clade II), whereas the sequences of TaSnRK2.8 present in D diploids
were not detected in polyploid wheats (Clade III). Moreover, there
was no divergence in the TaSnRK2.8-B sequences within the ac-
cessions, and genetic diversity in TaSnRK2.8-A mainly occurred in
the eighth intron, the ninth exon and 30-ﬂanking sequence similar
to the TaSnRK2.7 gene [12,13]. Further research mainly focused on
this region.
2.4. Chromosome location of TaSnRK2.8-A
To determine that the TaSnRK2.8-A copy was an A genome-
speciﬁc sequence, A genome-speciﬁc primers based on DNA vari-
ations between TaSnRK2.8-A and TaSnRK2.8-B were designed. The
ampliﬁed fragment, named TaSnRK2.8-A-C, was 751 bp in length,
comprising the eighth intron, the ninth exon (including the whole
C-terminal region) and part of the 30-ﬂanking sequence. As shown
in Fig. 4A, TaSnRK2.8-A-C was identiﬁed only in species carrying A
genome. This result was further demonstrated by PCR-based
analysis of nulli-tetrasomic lines, suggesting that TaSnRK2.8-A was
located on chromosome 5A (Fig. 4B).
2.5. Nucleotide diversity and haplotype analysis in the TaSnRK2.8-
A-C region
sequences, identiﬁed in 165 wheat accessions, shared a high
sequence identity (99.60%) with an average of 1 SNP/250 bp.
Three SNPs were detected in the eighth intron (position 5279 bp,
T/C), ninth exon (position 5742 bp, A/G) and 30-ﬂanking
sequence (position 5917 bp, A/G), respectively. The only SNP
occurring in a coding region (position 5742 bp, A/G) was a
synonymous mutation (silent) that did not result in variation at
the protein level.
Two estimates of nucleotide variation were made. The nucleo-
tide diversity (p), i.e., the average pairwise sequence differences
between two random sequences in one sample, was 0.00068 per
site. The average estimate of qw, which is based on the observed
number of polymorphic sites in a sample, was 0.00070 per site.
Sliding-window analysis showed that the nucleotide diversity in
the 30-ﬂanking sequence was highest, followed by the eighth intron
and then the ninth exon (Fig. 5).
Four haplotypes of the TaSnRK2.8-A-C sequence were identiﬁed
among the 165 wheat accessions, resulting in the haplotype di-
versity Hd ¼ 0.465 (Table 2). The two dominant haplotypes,
haplotype 3 and 4, occurred with frequencies of 24.2 and 68.5%,
respectively.
2.6. Linkage disequilibrium in the TaSnRK2.8-A-C region
Linkage disequilibrium (LD) is the nonrandom association
between allelic polymorphisms at two loci. Reduced recombination
is the main determinant of LD [21]. In this study, each SNP was
considered to be a locus, and LD in TaSnRK2.8-A-C region was sur-
veyed. The amount of LD was estimated using the R2 statistic [22]
for non-singleton sites, and the signiﬁcance of pairwise disequi-
librium comparisons was assessed by Fisher’s exact test [23]. As
shown in Fig. 6, only one pairwise comparison, SNPs in the ninth
exon (position 5742 bp, A/G) and 30-ﬂanking sequence (position
5917 bp, A/G), was detected signiﬁcant association after Bonfer-
roni correction, but no signiﬁcant linkage disequilibrium was
observed in the TaSnRK2.8-A-C region (R2  0.1).
Fig. 1. Comparison of two TaSnRK2.8 genome sequences. (A) Schematic diagram of TaSnRK2.8 exons (black rectangles), introns (horizontal lines), 50 and 30-ﬂanking sequences
(dashed lines). The main differences between the two sequences occurred in the eighth intron, ninth exon and 30-ﬂanking sequence. (B) Alignment of the polymorphic segments of
TaSnRK2.8-A and TaSnRK2.8-B.
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Population structure of the 165 accessions was calculated using
Structure V2.3.2 software based on 83 whole-genome SSR markers
(Figure S2). The accessions were assigned to four subpopulations.
Subpopulations 1e4 comprised 24, 46, 47 and 48 accessions,
respectively. In addition, estimations of the adapted number of
populations for K ranging from 2 to 12 were also made by calcu-
lating DK values using the same set of SSR markers. The results
conﬁrmed that the accessions fell into four subpopulations.Fig. 2. Southern blotting analysis of TaSnRK2.8. The ABD genome DNA of hexaploid
wheat (lane 1), AB genome DNA of tetraploid wheat (lane 2), A genome DNA of
T. urartu (lane 3), S genome DNA of A. speltoides (lane 3) closely related to the B genome
and D genome DNA of A. tauschii (lane 4) were digested with EcoRV, HindIII and NcoI,
respectively.2.8. SNP association analysis
To assess the effects of the three SNPs occurring in the
TaSnRK2.8-A-C region; their associations with seedling biomass,
agronomic traits and stem-water-soluble carbohydrates data in the
165 wheat accessions were determined. Only variation in the high-
frequency SNP (26.0%) A/G in the 30-ﬂanking sequence was signif-
icantly associated with seedling biomass (SB) under normal con-
ditions, plant height (PH), ﬂag leaf width (FLW), water-soluble
carbohydrates content in peduncles, stem lower internode and
total stem at the middle grain ﬁlling stage (WSC1) and at maturity
(WSC2) under drought conditions (Table S1, Table 3). The SNP
markers individually explained 3.70e5.60% of the phenotypic
variation.
Analysis of variance of correlated traits between A and G ge-
notype accessions showed signiﬁcant differences in seedling
biomass and water-soluble carbohydrates, and the A allele was
associated with a signiﬁcant increase in both traits.
2.9. Development of CAPS marker for TaSnRK2.8-A-C
The A/G variation in the 30-ﬂanking sequence of TaSnRK2.8-A
produced a restriction enzyme HpyCH4III recognition site be-
tween A and G genotype accessions. This SNP provided an oppor-
tunity to develop a cleaved ampliﬁed polymorphism sequence
(CAPS) marker to distinguish the two genotypes. As shown in Fig. 7,
Fig. 3. Phylogenetic analyses of TaSnRK2.8 genomic sequences from hexaploid, tetraploid and diploid wheats. The phylogenetic tree was constructed with the PHYLIP 3.68 package;
bootstrap values are in percentages.
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HpyCH4III, fragment length polymorphisms, which could be easily
distinguished in polyacrylamide gels, were generated between A
and G genotypes.
3. Discussion
The hexaploid wheat is a good model for studying gene evolu-
tion following polyploidization. In this study, Southern blotting and
evolutionary analysis were performed on TaSnRK2.8 genomic se-
quences in A diploids, S (B) diploids, D diploids, and tetraploid and
hexaploid wheat. Southern hybridization results showed differentFig. 4. Chromosome location of TaSnRK2.8-A. A. Genomic origin analysis with common wh
speltoides (BB); 7e9, A. tauschii (DD); 10e12, tetraploid wheat (AABB); 13e15, hexaploid wh
species; B. PCR-based chromosome location of TaSnRK2.8-A. Absence of a band indicates the
and N5AT5D nulli-tetrasomic lines of Chinese Spring lack chromosome 5A.hybridization bands between diploid and polyploid wheats, and
similar hybridization patterns between hexaploid and tetraploid
wheat, suggesting that rapid genomic changes occurred after pol-
yploidization, and no major variations happened in TaSnRK2.8 gene
during further evolution of the polyploids. Additionally, evolu-
tionary analysis showed that TaSnRK2.8 genomic sequences in D
diploids were not present in hexaploid wheat. Apparently, the D
genome copy of TaSnRK2.8 was lost during the hexaploid wheat
formation. Similar phenomena in wheat genome research were
reported by others [24e26].
SNP analysis showed that the nucleotide diversity in non-coding
regions was higher than in coding regions, suggesting that greatereat accessions and related tetraploid and diploid species. 1e3, T. urartu (AA); 4e6, A.
eat (AABBDD). The target fragment of TaSnRK2.8-A was not identiﬁed in B or D genome
speciﬁc sequence is located on the corresponding nullisomic chromosome. The N5AT5B
Table 2
Haplotype structures of TaSnRK2.8-A-C.
Haplotype Polymorphic site (bp) Frequency (%)
5279 5742 5917
Haplotype 1 T G G 1.8
Haplotype 2 C A A 5.5
Haplotype 3 T A G 24.2
Haplotype 4 T A A 68.5
Fig. 5. The distribution of SNPs in TaSnRK2.8-A-C. The gene structure is shown at the
bottom.
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were similar to those for another SnRK2member, TaSnRK2.7 [12,13].
SNPs are classiﬁed into transitions (AeG and CeT) and trans-
versions (CeG, GeT, AeC and AeT) according to substitution type,
and DNA sequences revealed a strong transition bias during
sequence evolution. When the transition/transversion ratio ap-
proaches 1.0, it is often assumed that transitions are becoming
largely saturated [27]. In this study, all the three SNPs (position
5279 bp, T/C; position 5742 bp, A/G; position 5917 bp, A/G)
were transitions, indicating that transitions were far from the point
of saturation. Furthermore, the three SNPs were suggestive of
deaminated 5-methylcytosine, which might be attributed to
nonrandom nucleotide substitution (CeT). In further research, it is
necessary to probe the methylation site, which might beneﬁt our
understanding of these SNP sites.
Compelling evidence indicates that plant SnRK2 proteins have
roles in diverse developmental processes and stress signal trans-
duction [5e9,28]. Gene mapping of TaSnRK2.7 demonstrated that it
was co-located in the same or an adjacent chromosome interval
with QTLs for phosphorus utilization efﬁciency and accumulation
efﬁciency of stem-water-soluble carbohydrates [12]. Likewise,Table 1
Plant materials used in the evolutionary analysis of TaSnRK2.8.
Name/Accession Species Genome
Hanxuan 10 T. aestivum AABBDD
Lumai 14 T. aestivum AABBDD
W7984 T. aestivum AABBDD
Opata 85 T. aestivum AABBDD
Chinese Spring T. aestivum AABBDD
PS9 T. persicum AABB
PO9 T. polonicum AABB
DM50 T. dicoccum AABB
UR201 T. urartu AA
UR204 T. urartu AA
UR208 T. urartu AA
BO1 T. boeoticum AA
BO8 T. boeoticum AA
MO101 T. monococcum AA
MO102 T. monococcum AA
Y2001 A. speltoides BB
Y2017 A. speltoides BB
Y2041 A. speltoides BB
Y85 A. tauschii DD
Y296 A. tauschii DD
Ae40 A. tauschii DD
Ae46 A. tauschii DDTaSnRK2.8 was involved in multi-stress response, sucrose meta-
bolism and plant growth in our previous study [8]. In the present
study, association analysis indicated a relationship between SNPs in
TaSnRK2.8 and traits related to plant development. Signiﬁcant as-
sociations with seedling biomass under normal conditions, plant
height, ﬂag leaf width and water-soluble carbohydrates under
drought conditions were detected.
Plant height is a trait modiﬁed by environment. A limited water
supply often inhibits plant height development. As it is very easily
measured and remains constant after ﬂowering, PH usually serves
as a suitable agronomic trait for evaluating drought tolerance in
crop plants [29,30]. In addition, seedling biomass is an effective
criterion for identifying drought tolerance in plants [31,32], and
other traits, such as ﬂag leaf width and water-soluble carbohy-
drates, were proposed as key traits supporting grain yield under
stress conditions inwheat [33,34]. In this study, A/G variation in the
30-ﬂanking sequence of TaSnRK2.8 had a signiﬁcant effect on the
seedling biomass under normal conditions, plant height, ﬂag leaf
width and water-soluble carbohydrates under stress, and the
values of these traits in A genotype accessions were higher than
those in G genotypes. Analysis of variance of correlated traits be-
tween A and G genotypes indicated that the A allele was superior
with a signiﬁcant increase in seedling biomass and water-soluble
carbohydrates. Based on the SNP association analysis, we specu-
late that the increased trait values in A genotypes were possibly due
to the A variation in the 30-ﬂanking sequence of TaSnRK2.8. Under
stress conditions, enhanced water-soluble carbohydrates might
facilitate plants to maintain normal growth and development,
leading to increased seedling biomass, plant height and ﬂag leaf
width, and consequently enhancing plant stress tolerance.
Some functional markers derived from polymorphic sites within
genes causally involved in phenotypic trait variation are availableFig. 6. Composite plot of LD in the TaSnRK2.8-A-C genomic region as a function of
distance. R2 measures of LD are shown as a function of distance for all loci examined.
LD values between all pairs of SNPs were plotted. The logarithmic trend line is included
in the ﬁgure. Of the three pairwise comparisons, only one pair was signiﬁcant at
P < 0.05.
Table 3
Association analysis of traits between A and G genotypes.
Traita SNP genotype P1b P2b R2 (%)c
A G
PH 70.35  2.89 cm 69.15  4.35 cm 0.752 0.012* 3.95
FLW 1.45  0.21 cm 1.26  0.19 cm 0.679 0.011* 3.70
SB 1.52  0.24 g 1.36  0.22 g 0.001*** 0.005** 5.10
WSC1-1 12.79  2.13% 11.10  2.87% 0.001*** 0.013* 3.73
WSC1-2 14.58  2.29% 12.70  2.94% 0.000*** 0.005** 4.40
WSC1-3 14.01  2.05% 12.40  2.83% 0.000*** 0.007** 4.09
WSC2-1 12.37  3.20% 9.14  2.80% 0.005** 0.006** 5.10
WSC2-2 11.39  3.07% 8.145  3.27% 0.007** 0.013* 4.17
WSC2-3 11.33  3.09% 8.04  3.11% 0.002** 0.004** 5.60
*P ¼ 0.05.
**P ¼ 0.01.
***P ¼ 0.001.
a PH, plant height; FLW, ﬂag leaf width; SB, seedling biomass;WSC, water-soluble
carbohydrates. WSC1-1, WSC1-2, WSC1-3, WSC content of peduncle, stem lower
internode and total stem at the middle grain ﬁlling stage, respectively. WSC2-1,
WSC2-2, WSC2-3, WSC content of peduncle, stem lower internode and total stem
at maturity, respectively.
b P1, signiﬁcant difference between A and G genotypes in an F-test. Only signif-
icantly associated traits are listed, and their effects were presented as P2.
c R2, coefﬁcient of determination, was calculated as the proportion of genotype
sum of squares in the total sum of squares.
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crops, development of functional markers in wheat is more com-
plex because of the allohexaploid nature. For most genes, there are
at least three orthologs on the homoeologous chromosomes, and itFig. 7. CAPS analysis of TaSnRK2.8-A-C in A and G genotypes in 15% polyacrylamide
gels. M, PBR322 DNA/MspI ladder; A, A genotype accessions; G, G genotype accessions.
A, PCR product of 715 bp; b-e, fragment length polymorphisms generated by incom-
plete digestion by HpyCH4III; bands d (92 bp) and e (78 bp) were different fragments
generated by A and G genotypes.is difﬁcult to characterize them separately on account of the similar
sequences. In this study, we detected TaSnRK2.8 sequences by direct
sequencing from common wheat and related diploid species, and
then designed genome-speciﬁc primers to differentiate ortholo-
gous sequences. Based on the A/G variation in the 30-ﬂanking
sequence of TaSnRK2.8 in the A genome, a CAPS marker was
developed; it is co-dominant and can be easily used in the labo-
ratory (Fig. 7). Its potential value for selection of higher seedling
biomass and water-soluble carbohydrates under stress was vali-
dated by association analysis. Although further work is required to
validate the results, the association of TaSnRK2.8 SNP markers with
superior agronomic traits is a very interesting ﬁnding and could be
used as a prediction tool in wheat breeding programs aimed at
enhancing stress tolerance. Another aspect of the work was to
locate TaSnRK2.8 on chromosome 5A; this work is continuing.
The work also demonstrated the value of comparative genomics
in isolating orthologous genes in wheat, a species with a huge
genome.
4. Conclusion
The study revealed that (1) two types of TaSnRK2.8 genomic
sequences are present in common wheat; (2) TaSnRK2.8-A and
TaSnRK2.8-B were from the A and B genomes, respectively; (3)
Three SNPs were detected in TaSnRK2.8-A-C region, and the
nucleotide diversity in 30-ﬂanking sequence was the highest; (4)
The SNP in the 30-ﬂanking sequence was signiﬁcantly associated
with seedling biomass under normal conditions, plant height, ﬂag
leaf width and water-soluble carbohydrates under drought condi-
tions; (5) The A variant was a more favorable allele associated with
a signiﬁcant increase in seedling biomass and water-soluble car-
bohydrates; and (6) A functional marker was developed to enable
molecular-assisted selection in breeding, and could be further
developed for genetic mapping. Finally, our results indicated that
TaSnRK2.8 is a crucial gene for diverse developmental processes and
abiotic stress resistance in wheat.
5. Materials and methods
5.1. Plant materials
Common wheat (Triticum aestivum) cultivar (cv.) “Hanxuan 10”
with a conspicuous drought-tolerant phenotype was used for
isolation and DNA structure analysis of TaSnRK2.8. Five accessions
of wheat and its relatives were used in Southern blot analysis:
“Hanxuan 10” (AABBDD), tetraploid wheat (Triticum dicoccum,
AABB) and three diploid species, including Triticum urartu (AA),
Aegilops speltoides (SS, putative B genome donor species) and
Aegilops tauschii (DD).
Twenty-two accessions of wheat and its relatives were used in
the evolutionary analysis (Table 1). A set of nulli-tetrasomic lines in
“Chinese Spring” was used for chromosomal location.
A total of 165 common wheat accessions were used for the SNP
study and for association analysis (Table S1). Of these, 145 were
from China,1 fromRomania, 2 from Italy, 2 were parents of the ITMI
mapping population, and 15 were from CIMMYT, Mexico. All ac-
cessions were supplied by the China National Genebank, Beijing,
China. The accessions were sown at Changping, Beijing (40130N,
116130E), on October 3, 2008, and harvested June 15e18, 2009. The
experimental unit was a 2 m two-row plot with 30 cm between
rows, and 40 seeds planted per row. All materials were rain-fed and
were therefore grown under water-stressed conditions; the rainfall
in wheat growing season was 155 mm. The accessions were irri-
gated with 750 m3/ha (75 mm) water at the seedling, elongation
and ﬂowering stages.
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For agronomic traits analysis, 30 randomly selected plants of
each cv. were used. Plant height (PH, from the soil surface to the top
of the plant canopy) and ﬂag leaf width (FLW, the widest part of the
leaf blade) were measured at the grain ﬁlling stage. Spike number
per plant (SNPP), spike length (SLE), peduncle length (PLE), 1ength
from ﬂag leaf pulvinus to spike base (LFS), spikelets per spike (SPS),
effective spikelets per spike (ESPS) and one thousand-grain weight
(TGW) were recorded at maturity.
5.3. Stem-water-soluble carbohydrates measurements
In each wheat accession, main stems with the same heading
date were tagged as selected samples. Five main shoots were cut
1 cm above the soil surface at the mid-grain ﬁlling stage (about 14
days after ﬂowering) and at maturity. Leaf blades and spikes were
removed from samples andmain stems retaining only the culm and
leaf sheath were killed at 105 C for 30 min and further dried
at 80 C until a constant dry weight. Samples were cut into pieces
1e2 mm in length. Water-soluble carbohydrates content was
determined by near-infrared reﬂectance spectroscopy [36].
5.4. Seedling biomass assays
The seedlings biomass experiment was conducted under a rain-
out shelter in Beijing from March to May (20  5 C, natural light
and humidity). The movable shelter could block the rainfall during
drought stress treatments. Fifty seeds with similar size from each
accession were planted in 60 cm long, 40 cm wide and 15 cm high
plastic containers containing 10 cm of medium fertility soil, pre-
irrigated to 85  5% of ﬁeld capacity, and then covered with 2 cm
of soil. The plastic containers were placed under the rain-out
shelter. Each accession was planted in triplicate. The seedlings
were cultured under normal conditions and 30 robust seedlings
were selected for biomass measurement at the ﬁve-leaf stage,
when they were harvested and treated at 105 C for 20 min and
further dried at 80 C until a constant dry weight.
5.5. DNA extraction, gene structure analysis and genome-speciﬁc
primer design
Genomic DNA was extracted from seedlings using the CTAB
method. To analyze the structure of TaSnRK2.8 DNA, a pair of
primers ﬂanking the ORF (F: 50-GGGGAAACCGAGCCCTATC-30, R: 50-
CAAGTTCAGTCACAGGTTCACACATTA-30) were screened; thesewere
based on TaSnRK2.8 cDNA [8]. FastPfu (TransGen) was utilized to
amplify the genomic sequence of TaSnRK2.8, and sequences were
analyzed with the MegAlign program in DNAStar software.
Based on DNA variations among the genomic sequences of
TaSnRK2.8, genome-speciﬁc primers were screened (A F: 50-
TGTTTCCCACAAAGTGCTGC-30, R: 50-TACTAATTTTAGGCTACCGATG-
TAACT-30; B F: 50-ATTACAACCAGAACAGGACGGG-30, R: 50-TGTAGT-
TATGCTTGTGTCATTGTCCC-30).
5.6. Southern blot analysis
Genomic DNAwas separately digested with restriction enzymes
EcoRV, HindIII and NcoI. The digested fragments were fractionated
by electrophoresis in 0.8% agarose gels, and then blotted to nylon
membranes (Hybond Nþ, Amersham) overnight in 20 SSC. An
800 bp fragment (F: 50-ACCTTCCCGCTGATTTGATG-30, R: 50-
CTCAAAAAGCTCACCACCAGATG-30) of the genome sequence of
TaSnRK2.8 labeled with a-32P-dCTP was used as the probe. After UV
cross-linking, the blotted membrane was hybridized overnight at65 C in 50 Denhardt’s solution. The membrane was sequentially
washed with 2 SSC, 0.1% SDS; 0.2 SSC, 0.1% SDS, and 0.1 SSC,
0.1% SDS for 15 min at 65 C. The hybridized blot was exposed to a
phosphor screen (Kodak-K) and visualized with the Molecular
Imager FX System (Bio-Rad).
5.7. DNA sequencing
Target fragments were ampliﬁed by PCR, and cloned into the
pGEM-T Easy vector for sequencing. DNA sequencing was per-
formed on 3730XI DNA Analyzer (ABI) with the following program:
initial denaturation at 96 C for 1 min; 30 cycles of 96 C for 10 s,
50 C for 5 s and 60 C for 4 min. To screen the whole sequence
of TaSnRK2.8, both M13 and four pairs of overlapping primers
in both directions (F1: 50-GCAAACACGGGACAATGAC-30, F2: 50-
AGTGAGTTCCTTGTCTTGGG-30, F3: 50-TTATTGGGGGACAGGAAACT-
30, F4: 50-GCAAGATGGGTCGGTGT-30, R1: 50-GTATTTTTGACCTC-
TATGCGTG-30, R2: 50-AAAGATCCCTATAATCCATTG-30, R3: 50-
TGAACTATACCACACCCATCC-30, R4: 50-TGGAAACTCCAGATGGTGAT-
3) were screened for sequence walking. Twenty-four randomly
selected positive clones of each accession were sequenced. There-
fore, each clone was divided into ten overlapping contigs, and they
were assembled and extended to one sequence with the SeqMan
program, and the 24 clone sequences were aligned and then re-
assembled to one or more copies of TaSnRK2.8 in one accession
with the MegAlign program. To verify the SNP results, each copy of
TaSnRK2.8 was sequenced six clones.
5.8. Sequence data analyses
SNPs were analyzed using DnaSP 4.9 software [37]. Nucleotide
diversity, Watterson’ estimator qw, haplotype diversity and linkage
disequilibrium were estimated using the same software. ClustalW
and PHYLIP were used to construct a phylogenetic tree of TaSnRK2.8.
5.9. Population structure
Population structure of the 165 accessions was evaluated with
83 genomic SSR markers (Table S2) evenly mapped on all 21
chromosomes. The program Structure V2.3.2 was used to test the
hypotheses for 2e12 subpopulations (K) with an admixture model
and correlated allelic frequencies, length of burn-in period equal to
50,000 iterations and a run of 500,000 replications of Markov Chain
Monte Carlo after burn in. Five independent runs were made for
each K, and the lowest variation of Ln P(D) among the ﬁve runs was
used for estimating the most likely number of subpopulations. The
DK method [38] was adopted to estimate the number of founding
populations and the best output.
5.10. Association analysis
TASSEL 2.1 was used to identify signiﬁcant associations between
every SNP and the traits (agronomic traits, seedling biomass and
stem-water-soluble carbohydrates) of 165 wheat accessions [39].
The general linear model (GLM) analysis was performed using the
population structure Q matrix, which shows the probability that a
genotype belongs to a subpopulation. Associations were considered
signiﬁcant at P < 0.05. The effects of SNP on each trait were
analyzed by one-way ANOVA using SPSS 12.0, followed by the least
signiﬁcant difference (LSD) method.
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